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Transgenerational spermatogenic inheritance of adult male acquired CNS gene 
expression characteristics has recently been discovered using a Drosophila systems 
model. In this novel mode of inheritance, transcriptomic alteration induced by the 
neuroactive drug pentylenetetrazole (PTZ) has been found to leak to future generations. 
Here, the available microarray gene expression data pertaining to CNS and/or testis of 
exposed F0 and the resulting F1 and F2 generations has been pooled and analyzed in an 
unbiased manner at four levels, namely, biological processes and pathways, protein 
interactome networks, miRNA-targets, and microarray expression profile similarities. 
Enrichment for processes related to translation, energy metabolism, cell proliferation, cell 
differentiation, secretion, central nervous system development, germ cell development, 
gamete generation, wing development, nutrition etc. was observed. Also, ribosome, 
oxidative phosphorylation and, to a lesser extent, wingless signaling pathway showed 
overrepresentation. In the proteomic interactome map, the cell cycle gene Ras85D 
exhibited overinteraction. In miRNA-target network, the fly transgenerational genes 
showed overrepresentation of mir-315 targets. Transcriptomic matching revealed overlap 
of transgenerational set with genes related to epigenetic drug treatment, stem cells, Myc 
targets and miRNA targets. Many of the findings were consistent with the existing 
epigenetic evidence in complex mammalian traits. Converging evidence suggests that 
ribosomal RNA and proteins may serve as candidate biomarkers of transgenerational 
environmental effect. A compelling systems biology frame-work integrative of 
transgenerational epigenetic inheritance is suggested. Nutrient, circulating peptide 
hormone, Myc, Wnt, and stem cell signaling pathways constitute the frame-work. The 
analysis has implications in explaining missing heritability in complex traits including 
common human disorders. The fly model offers an excellent opportunity to understand 
somatic and germline communication, and epigenetic memory formation and its retention 
across generations in molecular details. 
 
Running title 
Systems analysis of transgenerational inheritance 
 
Introduction 
Environmental exposures are known to influence health and disease. Emerging evidence 
increasingly implicates epigenetics as the mediator of environmental influences.1-3 Since 
epigenetic changes have the potential to perturb gene expression in various cell types that 
constitute various tissues and organs, these changes are considered to provide a plausible 
basis for altered transcriptomic patterns associated with various diseases.4,5 Epigenetic 
modifications in somatic cells can be mitotically inherited and thereby exert long-term 
effect on gene expression, a mechanism that is considered to underlie disease risk 
secondary to prenatal and early postnatal environmental exposures.6-9 Importantly, 
increasing evidence suggests that epigenetic modifications may also be meiotically 
heritable and passed on to future generations.2,10-13 Reported instances of inheritance of 
epigenetic transgenerational phenotype have however been limited to environmental 
exposures during embryonic and adult gonadal development.14,15 Possibility remains that 
adult exposures affect gametogenesis and cause reprogramming of the germline.14 
Although instances of epigenetic effects on gametogenesis are reported, transgenerational 
inheritance of environment-induced adult phenotype has been a completely unknown 
phenomenon.14,16-20 Startlingly, a systematic search conducted recently using a novel 
Drosophila transcriptomic model of brain plasticity has led to the discovery of a novel 
mode of inheritance in which adult male acquired CNS gene expression characteristics 
exhibit transgenerational spermatogenic inheritance.21 Epigenetic codes play a crucial 
role in neural plasticity.22,23 Availability of a Drosophila transcriptomic model of PTZ 
induced long-term brain plasticity described recently24 actually motivated the search21 for 
transgenerational spermatogenic inheritance. In the PTZ model, chronic drug treatment of 
adult males causes alterations in CNS transcriptome.24 To examine if PTZ induced gene 
expression changes are transgenerational inherited, CNS transcriptomic profiles were 
generated from F1 adults after treating F0 adult males with PTZ and from F2 adults 
resulting from a cross between F1 males and normal females.21 Strikingly, microarray 
clustering showed F1 male profile most similar to F1 female and F0 male profile to F2 
male. Differentially expressed genes in F1 males, F1 females and F2 males showed 
statistically significant match with PTZ regulated genes.21 In an unbiased approach to 
search for physical evidence of a possible spermatogenic mechanism, microarray 
expression profiles of adult testis from F0 and F1 males were analyzed.21 Further striking, 
clustering of CNS and testis profiles and enrichment analysis of differentially expressed 
gene sets provided evidence of a spermatogenic mechanism in the transgenerational 
event.21 
 
The discovery that gene expression phenotype acquired by an adult can be transmitted to 
future generations has obvious implications in human health and evolution. Recent 
epidemiological evidence indeed supports existence of sex-specific, male line 
transgenerational responses in humans.25 Considering the importance, the phenomenon 
detected in Drosophila needs to be analyzed further for developing a systems level 
understanding of the mechanisms involved. Here, the available gene expression data has 
been analyzed in an unbiased manner using systems level tools. The available data 
pertaining to CNS and/or testis of exposed F0 and the resulting F1 and F2 generations has 
been pooled and analyzed at four levels, namely, biological processes and pathways, 
protein-protein interaction networks, miRNA-target networks, and microarray expression 
profile similarities. The analysis suggests potential mechanisms underlying 
spertmatogenic transmission of environmental effects in soma across generations. 
 
Results and discussion 
Biological Process and pathway enrichment 
Gene ontology (GO) based analysis showed enrichment of translation in upregulated 
genes, whereas a variety of other processes were overrepresented in the downregulated 
set (Table 1; for a complete list and details, see Supplementary Table 1). Upregulation 
of translation was remarkable considering that overexpression of rRNA transcription was 
observed in the F2 progeny of the original experiment.21 Processes related to central 
nervous system development, germ cell development, neurogenesis, gamete generation, 
transcription, calcium signaling, nutrition, energy metabolism, wing development etc. 
showed enrichment in downregulated gene set. At pathway level, ribosome (Figure 1), 
oxidative phosphorylation (Figure 2), and Wnt (wingless) signaling (Figure 3) showed 
overrepresentation. 
 
Nutrient sensing signaling pathway is known to encompass rRNA transcription from 
Drosophila to man.26-29 Besides growth regulators, epigenetic modifications also control 
rRNA transcription across species.30-37 Ribosomal components are also suggested to be 
involved in gene expression including epigenetic mechanisms in higher eukaryotes 
including Drosophila.38-41 Environmental influences including nutritional factors are 
considered to underlie various known instances of transgenerational epigenetic 
inheritance of phenotypes such as metabolic syndrome, type II diabetes, obesity, 
cardiovascular disorders, cancer, psychiatric conditions, longevity etc..42-53 Further, 
differential expression or epigenetic modification of genes encoding ribosomal 
components has been associated with many diseases including cancer, Alzheimer’s, and 
type II diabetes.54-59 Reduced dosage of genes encoding ribosomal proteins has also been 
associated with a diverse collection of phenotypes across species.60,61 Notably, epigenetic 
modification of rRNA genes besides others has been implicated in environmental factor 
induced transgenerational phenomena.53 Given the above, the biological process 
enrichment analysis suggested that nutrient sensing, energy metabolism and growth 
regulation might possibly be involved in transmission of environmental influences. This 
is consistent with the earlier21 demonstration of differential rRNA expression in the fly 
transgenerational experiment. 
 
Protein interactome analysis 
Transgenerational genes were next overlaid on to Drosophila proteomic interaction 
network to identify, if any, overinteraction. The gene CG9375 encoding Ras oncogene at 
85D (Ras85D) was found to overinteract within the transgenerational gene set (Figure 4; 
for a complete list and details of the analysis, see Supplementary Table 2). It is known 
that endogenous Ras85D is required to maintain normal levels of the oncogene dMyc in 
Drosophila.62 It has also been demonstrated that Myc binds to specific consensus 
elements located in human rDNA and associates with the Pol I-specific factor SL1.63 
Further, the presence of Myc at specific sites on rDNA has been found to coincide with 
the recruitment of SL1 to the rDNA promoter and with increased histone acetylation.63 
Myc is a known regulator of rRNA synthesis and ribosomal biogenesis in Drosophila as 
well as in mammalian species.30,35,39,63,64 Stimulation of rRNA synthesis by c-Myc has 
been proposed as a key pathway driving cell growth and tumorigenesis.63 The growth 
effects of dMyc in Drosophila wing development require de novo rRNA synthesis.64 The 
growth and proliferation regulators including Myc are reversibly acetylated or 
deacetylated by histone acetyltransferases or histone deacetylases (HDACs), 
respectively.30 This connects activity of these proteins to chromatin-modifying 
enzymes.30 Furthermore, Myc control of ribosome biogenesis has been found to be under 
nutritional control in Drosophila.26 The Ras family members including Ras85D are 
known to affect cell fate and cell adhesion via the Raf/MAPK pathway.62  Besides, 
regulation of dMyc levels by Ras85D has been suggested to be critical for wing 
development in Drosophila. The cell cycle protein Ras85D is also involved in signaling 
that promotes specification of photoreceptor neurons. It is known that in addition to 
coordinating cell growth and division through a transcriptional program that involves 
both RNA polymerase (Pol) II- and Pol III-transcribed genes, Myc also directly enhances 
Pol I transcription of rRNA genes.63 Considering overrepresentation of processes related 
to ribosome, growth, wing development, nutrition, phototransduction, MAPK pathway, 
phototransduction etc. (Table 1; Supplementary Table 1), the interactome analysis 
suggested a possible role of Myc and Wnt signaling in the transgenerational event. 
 
miRNA-target overrepresentation 
Next, transgenerational genes were overlaid on to Drosophila miRNA-targets map. The 
genes were found to be enriched for targets of mir-315 (Figure 5; for a complete list of 
targets and details of the analysis, see Supplementary Table 3). Importantly, mir-315 
has earlier been found to be a strong and specific activator of Wnt signaling in 
Drosophila.65 The epigenetic drug valproic acid, an HDAC inhibitor, is known to 
regulate genes belonging to various pathways including ribosomal proteins, calcium 
signaling, wg signaling, MAPK signaling, focal adhesion, cell cycle etc.66 Also, a 
recently isolated protein fraction from plant source that shows HDAC inhibitor activity 
has been found to contain ribosome-inactivating proteins and to inhibit Wnt signaling.67 
Importantly, exposure of the endocrine disruptor vinclozolin during gonadal sex 
determination, that promotes prostate disease phenotype across generations in rats, has 
been found to transgenerationally cause in the prostate differential expression of genes 
related to various pathways including calcium signaling and Wnt signaling.68 
Cumulatively, the above analysis supported a possible role of Wnt signaling in epigenetic 
inheritance. 
 
Transcriptomic profile similarities 
Finally, the fly transgenerational profiles were compared with other transcriptomic 
profiles in an unbiased manner. For this, a database of mammalian profiles was used. The 
mammalian homologs of fly genes were retrieved (for a list of homologs, see 
Supplementary Table 4) and the database was queried for statistically overrepresented 
profiles. This led to the identification of several enriched profiles (for a complete list and 
details of the analysis, see Supplementary Table 5). Many of the enriched profiles were 
related to epigenetic drug treatment, stem cells, miRNA targets and Myc-targets etc. 
(Table 2). The result was striking. For example, whereas the cytosine analog 5-aza-2-
deoxycytidine (5azaC) is a widely used DNA demethylating agent, the HSP90 inhibitor 
17-allylamino-17-demethoxygeldanamycin (17AAG) to influence expression of Myc-
regulated mRNAs as well as chromatin associated proteins including heterochromatin 
protein 1, histone acetyltransferase 1, and histone arginine methyltransferase PRMT5.69 
The matching analysis surprisingly revealed similarity between fly transcriptome and 
several stem cell related profiles. Given the similarity between Drosophila and 
mammalian stem cell biology70, the above evidence was striking. For example, Wnt 
signaling is known to regulate function and development of neural stem cells (NSCs) 
throughout an individual's lifetime.71 Further, the inter- and intra-cellular molecular 
cascades in soma and germline stem cells (GSCs) in Drosophila are considered to be 
similarly affected by environmental factors including nutrient sensing.72 Evidence 
suggests that nutritional conditions regulate neuro-endocrine signal in the form of 
expression of insulin-like peptides in specific head neurons in Drosophila.72  These 
peptides are secreted, transported and bind to GSC surface receptors to control cell 
division.72 In addition to somatic cells, the insulin signaling is considered to play an 
essential role in both spermatogenesis and oogenesis in Drosophila.73 The 
transgenerational spermatogenic effect in Drosophila relates to exposure to PTZ, a 
gamma-aminobutyric acid (GABA) receptor antagonist.21 Interestingly, CNS circuits 
connecting GABA and insulin-like peptide, besides others, have been described in 
Drosophila.74 An altered energy metabolism in GSCs has earlier been proposed.75 Also, 
translational machinery including ribosomal proteins has been implicated in control of 
GSC maintenance and differentiation in Drosophila.75 A unified view of regulation of 
diversity of stem cells, including somatic and germline stem cells as well as downstream 
germ cells, in both Drosophila and mammals has been argued, in which ribosomal 
mechanisms play a crucial role.75 Further, the transcription factor Myc is a known 
regulator of stem cells across species.76-78 Besides, Wnt signaling is considered to play a 
role in defining GSC and other stem cell niche in Drosophila.79,80 The fly 
transgenerational genes were also enriched in miRNA-targets conserved across species 
(Table 2). The miRNAs are known to act as essential intrinsic regulators of stem cell 
division rate and identity.80 Evidence shows that miRNA-mediated translational 
regulation may control self-renewal of stem cells including GSCs in Drosophila.80,81 The 
miRNAs are considered to play an important role in both spermatogenesis and neuronal 
stem cell function.82,83 Cumulatively, as the information that will be transmitted 
transgenerationally is contained in the GSCs, the above analysis may suggest that neuro-
endocrine control of stem cells mediate transgenerational epigenetic inheritance of 
acquired somatic characteristics. Some kind of CNS-gametogenesis axis maintained by a 
neuropeptide signal has earlier been proposed to explain the phenomenon.21 The present 
analysis seems to support this hypothesis.  
 
Integration of genetic and epigenetic inheritance would be ultimately needed to 
understand human diversity and to realize the goals of personalized and predictive 
medicine. A topical example that may underscore this need is that of missing heritability. 
Analyses using the recently available technique of genome-wide association have though 
identified nucleotide sequence variations in numerous genes in complex traits such as 
diabetes, obesity, heart diseases etc., the individual and cumulative effects of the genetic 
variations are so small that they simply can not explain the higher estimates of heritability 
known of these disorders.84,85 Transgenerational epigenetic inheritance may explain the 
disparity to some extent.85 However, it is not yet clear how the epigenetic changes are 
remembered by the next generation. It has been anticipated that model organisms would 
be useful in seeking answer to such questions.85 The systems level analysis presented 
here may offer an excellent frame-work to further dissect soma-germline cross-talk, and 
epigenetic memory formation and its retention across generations in molecular details. 
 
Methods 
Genes previously reported as differentially expressed in CNS of PTZ exposed males, F1 
male and female CNS, F2 male and female CNS, and F0 and F1 testis21,23 were all pooled 
together to examine for enrichment analysis. Names or IDs of fly genes or their 
‘homologene’ homologs were retrieved using FLIGHT (http://www.flight.licr.org/). Gene 
ontology (GO) biological process enrichment and KEGG pathway enrichment were 
analyzed using DAVID (http://david.abcc.ncifcrf.gov/home.jsp).86 Protein network was 
analyzed using BioGRID v 2.0 (http://www.thebiogrid.org/index.php).87 Enrichment for 
miRNA-target genes were analyzed using EMBL’s 2005 database 
(http://www.russell.embl-heidelberg.de/miRNAs/). The software platform Osprey v. 
1.2.0 (http://biodata.mshri.on.ca/osprey/servlet/Index) was used for visualizing protein 
interactions and miRNA-target network. The L2L database 
(http://depts.washington.edu/l2l/) was used to identify matching mammalian profiles. 
KEGG (http://www.genome.jp/kegg/tool/color_pathway.html) was used for depicting 
genes in the pathways. 
 
Acknowledgements 
The research was supported by NWP0034 grant of Council of Scientific and Industrial 
Research, Government of India. 
 
References 
1. Li E. Chromatin modification and epigenetic reprogramming in mammalian 
development. Nat Rev Genet 2007; 3:662-73. 
2. Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. 
Nat Rev Genet 2007; 8:253-62. 
3. Skinner MK, Anway MD, Savenkova MI, Gore AC, Crews D. Transgenerational 
epigenetic programming of the brain transcriptome and anxiety behavior. PLoS 
ONE 2008; 3:e3745. 
4. Jiang YH, Bressler J, Beaudet AL. Epigenetics and human disease. Annu Rev 
Genomics Hum Genet 2004; 5:479-510. 
5. Egger G, Liang G, Aparicio A, Jones PA. Epigenetics in human disease and 
prospects for epigenetic therapy. Nature 2004; 429:457-463. 
6. Weaver IC, Cervoni N, Champagne FA, D'Alessio AC, Sharma S, Seckl JR, et al. 
Epigenetic programming by maternal behavior. Nat Neurosci 2004; 7:847-54. 
7. Waterland RA, Jirtle RL. Transposable elements: targets for early nutritional 
effects on epigenetic gene regulation. Mol Cell Biol 2003; 23:5293-300. 
8. Dolinoy DC, Weidman JR, Waterland RA, Jirtle RL. Maternal genistein alters 
coat color and protects Avy mouse offspring from obesity by modifying the fetal 
epigenome. Environ Health Perspect 2006; 114:567-72. 
9. Weaver IC, Champagne FA, Brown SE, Dymov S, Sharma S, Meaney MJ, et al. 
Reversal of maternal programming of stress responses in adult offspring through 
methyl supplementation: altering epigenetic marking later in life. J Neurosci 
2005; 25:11045-54. 
10. Anway MD, Skinner MK. Epigenetic transgenerational actions of endocrine 
disruptors. Endocrinology 2006; 147:S43-9. 
11. Morgan HD, Sutherland HG, Martin DI, Whitelaw E. Epigenetic inheritance at 
the agouti locus in the mouse. Nat Genet 1999; 23:314-8. 
12. Rakyan VK, Chong S, Champ ME, Cuthbert PC, Morgan HD, Luu KV et al. 
Transgenerational inheritance of epigenetic states at the murine Axin(Fu) allele 
occurs after maternal and paternal transmission. Proc Natl Acad Sci USA 2003; 
100:2538-43. 
13. Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic transgenerational 
actions of endocrine disruptors and male fertility. Science 2005; 308:1466-9. 
14. Skinner MK. What is an epigenetic transgenerational phenotype? F3 or F2. 
Reprod Toxicol 2008; 25:2-6. 
15. Whitelaw NC, Whitelaw E. Transgenerational epigenetic inheritance in health and 
disease. Curr Opin Genet Dev 2008; 18:273-9. 
16. Flanagan JM, Popendikyte V, Pozdniakovaite N, Sobolev M, Assadzadeh A, 
Schumacher A, et al. Intra- and interindividual epigenetic variation in human 
germ cells. Am J Hum Genet 2006; 79:67-84. 
17. Durcova-Hills G, Hajkova P, Sullivan S, Barton S, Surani MA, McLaren A. 
Influence of sex chromosome constitution on the genomic imprinting of germ 
cells. Proc Natl Acad Sci USA 2006; 103:11184-8. 
18. Allegrucci C, Thurston A, Lucas E, Young L. Epigenetics and the germline.  
Reproduction 2005; 129:137-49. 
19. Trasler JM. Origin and roles of genomic methylation patterns in male germ cells. 
Semin. Cell Dev Biol 1998; 9:467-74. 
20. McCarrey JR, Geyer CB, Yoshioka H. Epigenetic regulation of testis-specific 
gene expression. Ann N Y Acad Sci 2005; 1061:226-42. 
21. Sharma A, Singh P. Detection of transgenerational spermatogenic inheritance of 
adult male acquired CNS gene expression characteristics using a Drosophila 
systems model. PLoS ONE 2009; 4:e5763. 
22. Gräff J, Mansuy IM. Epigenetic codes in cognition and behaviour. Behav Brain 
Res 2008; 192:70-87. 
23. Guan J-S, Haggarty SJ, Giacometti E, Dannenberg J-H, Joseph N, Gao J, et al. 
HDAC2 negatively regulates memory formation and synaptic plasticity. Nature 
2009; 459:55-60. 
24. Mohammad F, Singh P, Sharma A. A Drosophila systems model of 
pentylenetetrazole induced locomotor plasticity responsive to antiepileptic drugs. 
BMC Syst Biol 2009; 3:11. 
25. Pembrey ME, Bygren LO, Kaati G, Edvinsson S, Northstone K, Sjöström M, et 
al. Sex-specific, male-line transgenerational responses in humans. Eur J Hum 
Genet 2006; 14:159-66. 
26. Teleman AA, Hietakangas V, Sayadian AC, Cohen SM. Nutritional control of 
protein biosynthetic capacity by insulin via Myc in Drosophila. Cell Metab 2008; 
7:21-32. 
27. Pierce SB, Yost C, Anderson SA, Flynn EM, Delrow J, Eisenman RN. Drosophila 
growth and development in the absence of dMyc and dMnt. Dev Biol 2008; 
315:303-16. 
28. Weber HW, Vallett S, Neilson L, Grotke M, Chao Y, Brudnak M, et al. Serum, 
insulin and phorbol esters stimulate rRNA and tRNA gene expression in both 
dividing and nondividing Drosophila cells. Mol Cell Biochem 1991;104:201-7. 
29. Murayama A, Ohmori K, Fujimura A, Minami H, Yasuzawa-Tanaka K, Kuroda 
T, et al. Epigenetic control of rDNA loci in response to intracellular energy status. 
Cell 2008;133:627-39. 
30. Meraner J, Lechner M, Schwarze F, Gander R, Jesacher F, Loidl P. Cell cycle 
dependent role of HDAC1 for proliferation control through modulating ribosomal 
DNA transcription. Cell Biol Int 2008; 32:1073-80. 
31. Grummt I. Different epigenetic layers engage in complex crosstalk to define the 
epigenetic state of mammalian rRNA genes. Hum Mol Genet 2007; 16:R21-7. 
32. Preuss S, Pikaard CS. rRNA gene silencing and nucleolar dominance: insights 
into a chromosome-scale epigenetic on/off switch. Biochim Biophys Acta 2007; 
1769:383-92. 
33. Lawrence RJ, Pikaard CS. Chromatin turn ons and turn offs of ribosomal RNA 
genes. Cell Cycle 2004; 3:880-3. 
34. Espada J, Ballestar E, Santoro R, Fraga MF, Villar-Garea A, Németh A, et al. 
Epigenetic disruption of ribosomal RNA genes and nucleolar architecture in DNA 
methyltransferase 1 (Dnmt1) deficient cells. Nucleic Acids Res 2007; 35:2191-8. 
35. Ali SA, Zaidi SK, Dacwag CS, Salma N, Young DW, Shakoori AR, et al. 
Phenotypic transcription factors epigenetically mediate cell growth control. Proc 
Natl Acad Sci USA 2008; 105:6632-7. 
36. Mathieu O, Reinders J, Caikovski M, Smathajitt C, Paszkowski J. 
Transgenerational stability of the Arabidopsis epigenome is coordinated by CG 
methylation. Cell 2007; 130:851-62. 
37. Salminen A, Kaarniranta K. SIRT1 regulates the ribosomal DNA locus: 
epigenetic candles twinkle longevity in the Christmas tree. Biochem Biophys Res 
Commun 2009; 378:6-9. 
38. Brogna S, Sato TA, Rosbash M. Ribosome components are associated with sites 
of transcription. Mol Cell 2002; 10:93-104. 
39. Lindström MS. Emerging functions of ribosomal proteins in gene-specific 
transcription and translation. Biochem Biophys Res Commun 2009; 379:167-70. 
40. Ishizuka A, Siomi MC, Siomi H. A Drosophila fragile X protein interacts with 
components of RNAi and ribosomal proteins. Genes Dev 2002; 16:2497-508. 
41. Ni JQ, Liu LP, Hess D, Rietdorf J, Sun FL. Drosophila ribosomal proteins are 
associated with linker histone H1 and suppress gene transcription. Genes Dev 
2006; 20:1959-73. 
42. Gallou-Kabani C, Vigé A, Gross MS, Junien C. Nutri-epigenomics: lifelong 
remodelling of our epigenomes by nutritional and metabolic factors and beyond. 
Clin Chem Lab Med 2007; 45:321-7. 
43. Anderson LM, Riffle L, Wilson R, Travlos GS, Lubomirski MS, Alvord WG. 
Preconceptional fasting of fathers alters serum glucose in offspring of mice. 
Nutrition 2006; 22:327-31. 
44. Bertram C, Khan O, Ohri S, Phillips DI, Matthews SG, Hanson MA. 
Transgenerational effects of prenatal nutrient restriction on cardiovascular and 
hypothalamic-pituitary-adrenal function. J Physiol 2008; 586:2217-29. 
45. Kaati G, Bygren LO, Pembrey M, Sjöström M. Transgenerational response to 
nutrition, early life circumstances and longevity. Eur J Hum Genet 2007; 15:784-
90. 
46. Waterland RA. Is epigenetics an important link between early life events and 
adult disease? Horm Res 2009; 71 Suppl 1:13-6. 
47. Hall JG. The importance of the fetal origins of adult disease for geneticists. Clin 
Genet 2007; 72:67-73. 
48. Painter RC, Osmond C, Gluckman P, Hanson M, Phillips DI, Roseboom TJ. 
Transgenerational effects of prenatal exposure to the Dutch famine on neonatal 
adiposity and health in later life. BJOG 2008; 115:1243-9. 
49. Shiao YH, Crawford EB, Anderson LM, Patel P, Ko K. Allele-specific germ cell 
epimutation in the spacer promoter of the 45S ribosomal RNA gene after Cr(III) 
exposure. Toxicol Appl Pharmacol 2005; 205:290-6. 
50. Cheng RY, Hockman T, Crawford E, Anderson LM, Shiao YH. Epigenetic and 
gene expression changes related to transgenerational carcinogenesis. Mol 
Carcinog 2004; 40:1-11. 
51. Yehuda R, Bierer LM. Transgenerational transmission of cortisol and PTSD risk. 
Prog Brain Res 2008; 167:121-35. 
52. Siegmund A, Dahlhoff M, Habersetzer U, Mederer A, Wolf E, Holsboer F, et al. 
Maternal inexperience as a risk factor of innate fear and PTSD-like symptoms in 
mice. J Psychiatr Res 2009; doi:10.1016/j.jpsychires.2009.02.003. 
53. Junien C, Nathanielsz P. Report on the IASO Stock Conference 2006: early and 
lifelong environmental epigenomic programming of metabolic syndrome, obesity 
and type II diabetes. Obes Rev 2007; 8:487-502. 
54. Sperança MA, Batista LM, Lourenço Rda S, Tavares WM, Bertolucci PH, Rigolin 
Vde O, et al. Can the rDNA methylation pattern be used as a marker for 
Alzheimer's disease? Alzheimers Dement 2008; 4:438-42. 
55. Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman PD, Rogers J. 
Epigenetic changes in Alzheimer's disease: Decrements in DNA methylation. 
Neurobiol Aging 2008; doi:10.1016/j.neurobiolaging.2008.12.005. 
56. Khimani AH, Mhashilkar AM, Mikulskis A, O'Malley M, Liao J, Golenko EE, et 
al. Housekeeping genes in cancer: normalization of array data. Biotechniques 
2005; 38:739-45. 
57. Asahara S, Matsuda T, Kido Y, Kasuga M. Increased ribosomal biogenesis 
induces pancreatic beta cell failure in mice model of type 2 diabetes. Biochem 
Biophys Res Commun 2009; 381:367-71. 
58. Misu H, Takamura T, Matsuzawa N, Shimizu A, Ota T, Sakurai M, et al. Genes 
involved in oxidative phosphorylation are coordinately upregulated with fasting 
hyperglycaemia in livers of patients with type 2 diabetes. Diabetologia. 2007; 
50:268-77. 
59. Rong JX, Qiu Y, Hansen MK, Zhu L, Zhang V, Xie M, et al. Adipose 
mitochondrial biogenesis is suppressed in db/db and high-fat diet-fed mice and 
improved by rosiglitazone. Diabetes 2007; 56:1751-60. 
60. McGowan KA, Li JZ, Park CY, Beaudry V, Tabor HK, Sabnis AJ, et al. 
Ribosomal mutations cause p53-mediated dark skin and pleiotropic effects. Nat 
Genet 2008; 40:963-70. 
61. Uechi T, Nakajima Y, Chakraborty A, Torihara H, Higa S, Kenmochi N. 
Deficiency of ribosomal protein S19 during early embryogenesis leads to 
reduction of erythrocytes in a zebrafish model of Diamond-Blackfan anemia. 
Hum Mol Genet 2008; 17:3204-11. 
62. Prober DA, Edgar BA. Interactions between Ras1, dMyc, and dPI3K signaling in 
the developing Drosophila wing. Genes Dev 2002; 16:2286-99. 
63. Grandori C, Gomez-Roman N, Felton-Edkins ZA, Ngouenet C, Galloway DA, 
Eisenman RN, et al. c-Myc binds to human ribosomal DNA and stimulates 
transcription of rRNA genes by RNA polymerase I. Nat Cell Biol 2005; 7:311-8. 
64. Grewal SS, Li L, Orian A, Eisenman RN, Edgar BA. Myc-dependent regulation 
of ribosomal RNA synthesis during Drosophila development. Nat Cell Biol 2005; 
7:295-302. 
65. Silver SJ, Hagen JW, Okamura K, Perrimon N, Lai EC. Functional screening 
identifies miR-315 as a potent activator of Wingless signaling. Proc Natl Acad Sci 
USA 2007; 104:18151-6. 
66. Duenas-Gonzalez A, Candelaria M, Perez-Plascencia C, Perez-Cardenas E, de la 
Cruz-Hernandez E, Herrera LA. Valproic acid as epigenetic cancer drug: 
preclinical, clinical and transcriptional effects on solid tumors. Cancer Treat Rev 
2008; 34:206-22. 
67. Xiong SD, Yu K, Liu XH, Yin LH, Kirschenbaum A, Yao S, et al. Ribosome-
inactivating proteins isolated from dietary bitter melon induce apoptosis and 
inhibit histone deacetylase-1 selectively in premalignant and malignant prostate 
cancer cells. Int J Cancer 2009; doi:10.1002/ijc.24325. 
68. Anway MD, Skinner MK. Transgenerational effects of the endocrine disruptor 
vinclozolin on the prostate transcriptome and adult onset disease. Prostate 2008; 
68:517-29. 
69. Maloney A, Clarke PA, Naaby-Hansen S, Stein R, Koopman JO, Akpan A, et al. 
Gene and protein expression profiling of human ovarian cancer cells treated with 
the heat shock protein 90 inhibitor 17-allylamino-17-demethoxygeldanamycin. 
Cancer Res 2007; 67:3239-53. 
70. Pearson J, Lopez-Onieva L, Rojas-Rios P, Gonzalez-Reyes A. Recent advances in 
Drosophila stem cell biology. Int J Dev Biol 2008; doi:10.1387/ijdb.072431jp. 
71. Wexler EM, Paucer A, Kornblum HI, Plamer TD, Geschwind DH. Endogenous 
Wnt Signaling Maintains Neural Progenitor Cell Potency. Stem Cells 2009; 
27:1130-41. 
72. Narbonne P, Roy R. Regulation of germline stem cell proliferation downstream of 
nutrient sensing. Cell Div 2006; 1:29. 
73. Ueishi S, Shimizu H, H Inoue Y. Male Germline Stem Cell Division and 
Spermatocyte Growth Require Insulin Signaling in Drosophila. Cell Struct Funct 
2009; doi:10.1247/csf.08042. 
74. Nässel DR, Enell LE, Santos JG, Wegener C, Johard HA. A large population of 
diverse neurons in the Drosophila central nervous system expresses short 
neuropeptide F, suggesting multiple distributed peptide functions. BMC Neurosci 
2008; 9:90. 
75. Kai T, Williams D, Spradling AC. The expression profile of purified Drosophila 
germline stem cells. Dev Biol 2005; 283:486-502. 
76. Kanatsu-Shinohara M, Lee J, Inoue K, Ogonuki N, Miki H, Toyokuni S, et al. 
Pluripotency of a single spermatogonial stem cell in mice. Biol Reprod 2008; 
78:681-7. 
77. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. 
Induction of pluripotent stem cells from adult human fibroblasts by defined 
factors. Cell 2007; 131:861-72. 
78. Rhiner C, Díaz B, Portela M, Poyatos JF, Fernández-Ruiz I, López-Gay JM, et al. 
Persistent competition among stem cells and their daughters in the Drosophila 
ovary germline niche. Development 2009; 136:995-1006. 
79. Xie T, Spradling AC. decapentaplegic is essential for the maintenance and 
division of germline stem cells in the Drosophila ovary. Cell 1998; 94:251-60. 
80. Kohlmaier A, Edgar BA. Proliferative control in Drosophila stem cells. Curr Opin 
Cell Biol 2008; 20:699-706. 
81. Park JK, Liu X, Strauss TJ, McKearin DM, Liu Q. The miRNA pathway 
intrinsically controls self-renewal of Drosophila germline stem cells. Curr Biol 
2007; 17:533-8. 
82. He Z, Kokkinaki M, Pant D, Gallicano I, Dym M. Small RNA molecules in the 
regulation of spermatogenesis. Reproduction 2009; doi:10.1530/REP-08-0494. 
83. Christensen M, Schratt GM. microRNA involvement in developmental and 
functional aspects of the nervous system and in neurological diseases. Neurosci 
Lett 2009; doi:10.1016/j.neulet.2009.04.043. 
84. Bogardus C. Missing heritability and GWAS utility. Obesity 2009; 17:209-10. 
85. Maher B. Personal genomes: The case of the missing heritability. Nature 2008; 
456:18-21. 
86. Dennis GJr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al. DAVID: 
Database for Annotation, Visualization, and Integrated Discovery. Genome Biol 
2003; 4:P3. 
87. Stark C, Breitkreutz B-J, Reguly T, Boucher L, Breitkreutz A, Tyers M. 
BioGRID: a general repository for interaction datasets. Nucleic Acids Res 2006; 
34:D535-9. 
Figure 1.  
Ribosomal protein encoding genes in the fly transgenerational set. Location of up- and 
down-regulated genes in KEGG pathway is shown as red and green boxes respectively. 
Combined analysis for up- and down-regulated genes showed significant enrichment 
(p=3.3E-08, Benjamini adjusted) of ribosome pathway. Separate analysis showed more 
significant enrichment in upregulated (p=3.0E-08) than downregulated (p=3.0E-05) 
genes. Grey boxes indicate other Drosophila genes. White boxes indicate absence of fly 
genes in the KEGG pathway. 
 
Figure 2. 
Oxidative phosphorylation pathway genes in the fly transgenerational set. Location of up-
, down- and both up- and down-regulated genes in KEGG pathway is shown as red, green 
and red-green hybrid boxes, in that order. Combined analysis for up- and down-regulated 
genes showed significant enrichment (p=3.2E-02, Benjamini adjusted) of oxidative 
phosphorylation pathway. Grey boxes indicate other Drosophila genes. White boxes 
indicate absence of fly genes in the KEGG pathway. 
 
Figure 3. 
Wnt signaling pathway genes in the fly transgenerational set. Location of up- and down-
regulated genes in KEGG pathway is shown as red and green boxes respectively. 
Downregulated genes showed significant enrichment for Wnt signaling pathway at 
nominal (0.002), not Benjamini adjusted (0.14), p value. Considering overrepresentation 
of wing development related GO processes in the downregulated genes after multiple 
testing correction (in Table 1 and additional file 1), Wnt signaling pathway may be 
considered as enriched. Grey boxes indicate other Drosophila genes. White boxes 
indicate absence of fly genes in the KEGG pathway. 
 
Figure 4. 
Overinteraction of CG9375 (Ras85D) in fly transgenerational gene set. The within group 
protein-protein interaction subnetwork is shown. The top four highly interacting genes in 
the transgenerational set consisting of both up- and down-regulated genes were 
CG15218, CG3936, CG9375, and CG11525. Compared to genomewide network, all four 
showed significant overinteraction at nominal p value, p=0.024, 0.018, 0.00076, and 
0.022, in that order. After Bonferroni correction for multiple comparison, only CG9375 
(p=0.003) remained significant. In the subnetwork, all genes except CG2956 (twi) are 
CNS specific. The CG2956 represent both CNS and testis profiles. For details of 
interaction analysis and gene names and IDs, see Supplementary Table 2. 
 
Figure 5. 
Enrichment of mir-315 targets in fly transgenerational gene set. The within group 
miRNA-target subnetwork is shown. The top two miRNAs with highly enriched targets 
in the transgenerational set consisting of both up- and down-regulated genes were mir-
277 and mir-315. Compared to genomewide targets, both miRNAs showed significant 
enrichment of targets at nominal p value, p=0.029, 0.014, in that order. After Bonferroni 
correction for multiple comparison, only mir-315 (p=0.028) remained significant. In the 
subnetwork, all genes exclusively represent CNS profiles except CG11390 (PebIII) 
CG14007 and CG6784. Whereas CG11390 represent both CNS and testis, CG14007 and 
CG6784 represent only testis.  For details of miRNA-target analysis and gene names and 
IDs, see Supplementary Table 3. 
Table 1. Enriched biological processes in fly transgenerational gene set. Only a partial 
list is shown here. Complete list is provided in Supplementary Table 1.  
 
   
GO_Term      Fold change  P Value 
Upregulated   
GO:0006412~translation     3.3 0.001 
 
Downregulated 
GO:0015031~protein transport    1.7 6.16E-10 
GO:0046903~secretion     1.9 9.44E-09 
GO:0000003~reproduction     1.5 1.77E-08 
GO:0051179~localization     1.2 6.74E-08 
GO:0030154~cell differentiation    1.3 7.30E-08 
GO:0019226~transmission of nerve impulse   1.7 1.11E-07 
GO:0006897~endocytosis     1.7 9.10E-07 
GO:0007276~gamete generation    1.5 1.07E-06 
GO:0001505~regulation of neurotransmitter levels  2.0 1.39E-06 
GO:0007267~cell-cell signaling    1.6 1.92E-06 
GO:0007268~synaptic transmission    1.7 5.91E-06 
GO:0000902~cell morphogenesis    1.4 1.23E-05 
GO:0007601~visual perception    2.1 1.43E-05 
GO:0009791~post-embryonic development   1.4 1.82E-05 
GO:0006810~transport     1.2 4.67E-05 
GO:0006119~oxidative phosphorylation   1.8 6.78E-05 
GO:0007015~actin filament organization   2.1 8.27E-05 
GO:0007399~nervous system development   1.4 1.47E-04 
GO:0048489~synaptic vesicle transport   2 1.69E-04 
GO:0007281~germ cell development   1.8 2.91E-04 
GO:0000165~MAPKKK cascade    2.0 3.46E-04 
GO:0006928~cell motility     1.5 4.22E-04 
GO:0007010~cytoskeleton organization and biogenesis 1.4 6.23E-04 
GO:0009994~oocyte differentiation    1.8 6.84E-04 
GO:0030029~actin filament-based process   1.7 7.43E-04 
GO:0048599~oocyte development    1.9 8.61E-04 
GO:0045165~cell fate commitment    1.5 0.001 
GO:0007154~cell communication    1.2 0.001 
GO:0007610~behavior     1.5 0.002 
GO:0007602~phototransduction    2.3 0.002 
GO:0010467~gene expression    1.1 0.002 
GO:0016070~RNA metabolic process   1.2 0.002 
GO:0007254~JNK cascade     2.2 0.002 
GO:0016477~cell migration     1.5 0.003 
GO:0031098~stress-activated protein kinase signaling 
pathway     2.1 0.003 
GO:0007619~courtship behavior    2.3 0.005 
GO:0006120~mitochondrial electron transport, NADH 
to ubiquinone     2.2 0.005 
GO:0007417~central nervous system development  1.6 0.007 
GO:0022414~reproductive process    1.5 0.007 
GO:0048488~synaptic vesicle endocytosis   2.2 0.007 
GO:0040007~growth      1.6 0.008 
GO:0022008~neurogenesis     1.4 0.008 
GO:0006911~phagocytosis, engulfment   1.5 0.008 
GO:0006536~glutamate metabolic process   3.5 0.008 
GO:0016319~mushroom body development   2.2 0.01 
GO:0019722~calcium-mediated signaling   2.3 0.01 
GO:0007618~mating      1.9 0.01 
GO:0048024~regulation of nuclear mRNA splicing, 
via spliceosome    1.9 0.01 
GO:0008360~regulation of cell shape   1.7 0.02 
GO:0012501~programmed cell death   1.4 0.02 
GO:0051301~cell division     1.4 0.02 
GO:0006909~phagocytosis     1.4 0.02 
GO:0048699~generation of neurons    1.3 0.02 
GO:0048667~neuron morphogenesis during 
differentiation     1.4 0.03 
GO:0001700~embryonic development via the syncytial 
blastoderm     1.5 0.03 
GO:0006366~transcription from RNA polymerase 
II promoter     1.3 0.03 
GO:0006457~protein folding     1.5 0.03 
GO:0007420~brain development    1.7 0.03 
GO:0042981~regulation of apoptosis   1.6 0.03 
GO:0030182~neuron differentiation    1.4 0.03 
GO:0019098~reproductive behavior    1.8 0.03 
GO:0031667~response to nutrient levels   2.6 0.03 
GO:0006887~exocytosis     1.6 0.04 
GO:0006914~autophagy     2.6 0.04 
GO:0016265~death      1.4 0.04 
GO:0007613~memory     2.2 0.05 
GO:0007317~regulation of pole plasm oskar mRNA 
localization     2.4 0.05 
GO:0006350~transcription     1.2 0.05 
GO:0007584~response to nutrient    3.3 0.05 
GO:0040008~regulation of growth    1.7 0.05 
GO:0000278~mitotic cell cycle    1.3 0.05 
 
p values shown are after Bonferroni correction 
Table 2. Enriched mammalian profiles in fly transgenerational gene set. Only a subset of 
enriched profiles is shown. For details, see Supplementary Table 5. 
 
Description      Fold change Binomial P-value 
Downregulated 
Enriched in mouse neural stem cells, compared 
to differentiated brain and bone marrow cells 4.97  1.41E-119 
Enriched in mouse embryonic stem cells, 
compared to differentiated brain and bone  
marrow cells      4.41  1.02E-68 
Down-regulated in human hepatoma cells 
following treatment with 5azaC   4.0  5.09E-53 
Predicted human MicroRNA targets    3.35  2.00E-43 
Predicted MicroRNA targets conserved across 
human, mouse and rat     3.96  9.78E-36 
Enriched in mouse hematopoietic stem cells, 
compared to differentiated brain and bone 
marrow cells      2.95  5.38E-30 
Down-regulated in human hepatoma cells 
following treatment with trichostatin A  3.1  7.52E-20 
Downregulated by butyrate in SW260 colon 
carcinoma cells     4.05  2.73E-11 
Enriched in mouse embryonic, neural and 
hematopoietic stem cells, compared to 
differentiated brain and bone marrow cells  4.35  1.79E-10 
Downregulated by butyrate in SW260 colon 
carcinoma cells     4.91  2.65E-08 
Myc-responsive genes reported in multiple systems  7.02  1.10E-06 
Predicted MicroRNA targets conserved across 
human, mouse, rat, zebrafish and fugu  3.79  1.44E-06 
Up-regulated in mouse hematopoietic stem cells 
and progenitors from fetal liver   2.17  4.36E-06 
Downregulated by TSA in SW260 colon 
carcinoma cells     3.52  1.92E-03 
Upregulated by butyrate in SW260 colon 
carcinoma cells     4.21  2.80E-03 
   
Upregulated 
Enriched in mouse neural stem cells, compared 
to differentiated brain and bone marrow cells 4.79  1.10E-06 
Up-regulated in human hepatoma cells following 
treatment with trichostatin A    5.14  1.29E-03 
Down-regulated in human hepatoma cells 
following treatment with 5azaC and with both 
5azaC and TSA     3.46  1.48E-03 
Up-regulated in more than one of several human 
hepatoma cell lines by trichostatin A   30.37  2.03E-03 
Upregulated by butyrate in SW260 colon 
carcinoma cells     10.83  2.84E-03 
Enriched in mouse embryonic stem cells, 
compared to differentiated brain and bone 
marrow cells      3.07  8.89E-03 
 
 
p values shown are after Bonferroni correction 
 
 
 
 
 
 
